Asbestos is a pulmonary carcinogen known to give rise to DNA and chromosomal damage, but the exact carcinogenic mechanisms are still largely unknown. In this study, gene expression arrays were performed on lung tumor samples from 14 heavily asbestos-exposed and 14 nonexposed patients matched for other characteristics. Using a two-step statistical analysis, 47 genes were revealed that could differentiate the tumors of asbestos-exposed from those of non-exposed patients. To identify asbestosassociated regions with DNA copy number and expressional changes, the gene expression data were combined with comparative genomic hybridization microarray data. As a result, a combinatory profile of DNA copy number aberrations and expressional changes significantly associated with asbestos exposure was obtained. Asbestosrelated areas were detected in 2p21-p16. 3, 3p21.31, 5q35.2-q35.3, 16p13.3, 19p13.3-p13.1 and 22q12.3-q13.1. The most prominent of these, 19p13, was further characterized by microsatellite analysis in 62 patients for the differences in allelic imbalance (AI) between the two groups of lung tumors. 79% of the exposed and 45% of the non-exposed patients (P ¼ 0.008) were found to be carriers of AI in their lung tumors. In the exposed group, AI in 19p was prevalent regardless of the histological tumor type. In adenocarcinomas, AI in 19p appeared to occur independently of the asbestos exposure.
Introduction
Tobacco smoking is undoubtedly the single most important reason for lung cancer. In addition to tobacco, lung cancer is associated with occupational and environmental exposure to other carcinogenic factors such as asbestos. Tobacco smoking together with asbestos exposure has been shown to act synergistically leading to more than an additive effect on the risk of lung cancer (Selikoff et al., 1968) . The etiologic fraction of asbestos exposure in lung cancer among men has been estimated to range between 6 and 23% in different populations (reviewed in Karjalainen and Anttila, 1997) .
Asbestos has been shown to be a genotoxic and cytotoxic agent that can produce both DNA and chromosomal damage. The mechanisms behind these actions may be multiple. The main mechanisms are thought to be generation of reactive oxygen species (ROS) and reactive nitrogen species (RNS), alteration in the mitochondrial function, physical disturbance of cell cycle progression and activation of several signal transduction pathways (Upadhyay and Kamp, 2003; Shukla et al., 2003a) . Asbestos-exposed workers have been reported to have increased levels of sister chromatid exchanges and DNA double-strand breaks in white blood cells (Fatma et al., 1991; Marczynski et al., 1994) . Elevated concentrations of 8-hydroxy-2 0 -deoxyguanosine DNA adducts, a marker for ROS exposure, have also been detected in the blood of asbestos-exposed workers (Marczynski et al., 2000) .
Lung cancer is characterized by very complex patterns of both cytogenetic and molecular genetic changes (Balsara and Testa, 2002; Li et al., 2006) . This high complexity, including many randomly appearing changes, makes it very challenging to determine the most essential lung carcinogenesis-associated alterations. We have, however, recently shown that asbestos exposure can be associated with a specific genomic aberration profile (Nymark et al., 2006) .
The aim of this study was to investigate whether asbestos exposure causes a specific gene expression profile that correlates with the previously detected asbestos-associated genomic aberration profile. By combining the gene expression data with the comparative genomic hybridization (CGH) array data, we were able to detect six distinct chromosomal regions that harbor both gene expression and DNA level changes. One of these, 19p13.3-19p13 .1, was further characterized for allelic imbalance (AI) on lung carcinomas from 62 male patients chosen on the basis of their present or absent asbestos exposure determined by the work histories and pulmonary asbestos fiber counts.
Results
Gene expression profiles ROC analysis was carried out using the gene expression data to detect genes that best separated the lung tumors of 14 heavily asbestos-exposed patients from the tumors of 14 non-exposed patients. 12 865 genes were included in the first ROC analysis (inclusion criterion was the presence of a signal in at least one-third of the patients in either exposure group).
A crude supervised algorithm based on genes with the highest ROC values (o0.4 or >0.6, and with P-value less than 0.4) allowed us to cluster the 28 tumors into two groups on the basis of the exposure of the patients (data not shown). The clear division of the tumors according to the exposure category of the patients suggested that the tumors can be divided into these two types on the basis of about 6000 gene transcripts.
Next, the correlation coefficient of gene expression with the exposure status of the patient (asbestos exposed versus non-exposed) was calculated for each gene. To identify the smallest set of genes that could distinguish the two tumor groups, the genes were rank-ordered according to the absolute value of the correlation coefficient. The identification of exposure-associated genes revealed 47 genes with Pearson's correlation coefficient >0.8 or oÀ0.8 (Figure 1 , Supplementary Table 1) . Hierarchical clustering results obtained for these 47 genes are shown in Figure 1 . We note that our choice of reference (the median signal of the nonassociated tumors for the asbestos-associated tumors and the median signal of the asbestos-associated tumors for the non-associated tumors) gives rise to the relatively high-correlation coefficient, but similar results are obtained when median signals of normal tissue of each group was used as a reference. Thirty-eight of the 47 top genes are identical with both references. Only single genes with similar magnitude of correlation coefficient could be detected after random permutation of the data. The functional annotation for this small set of top genes (47) did not show clear overrepresentation of a specific function or chromosomal localization.
Combination of gene expression profiles with DNA aberration profiles
The identification of exposure-related areas with expressional changes revealed 35 areas (areas within 5 Mbp were combined) on which the tumors of asbestos-exposed patients differed from the tumors of non-exposed patients (data not shown). The detection of the areas was performed by comparing the gene expression data of the two tumor groups to each other in 0.5-1 Mbp segments similar to as done for the CGH array (Nymark et al., 2006) . Areas with exposure-related changes were identified by means of permutation testing. The regions were declared significant if the observed expressional differences were beyond the upper or lower 1% confidence intervals estimated from the permutation distribution. To identify loci that contain exposureassociated changes both at messenger RNA (mRNA; expression data) and DNA level (CGH array), results from these two data analyses were combined. Six areas were common in the two analyses, namely 2p21-p16.3, 3p21.31, 5q35.2-q35.3, 16p13.3, 19p13.3-p13 .1 and 22q12.3-q13.1 ( Figure 1 A supervised hierarchical clustering result of lung carcinomas from 14 heavily asbestos-exposed and 14 non-exposed patients using the 47 significant genes found with the correlation analysis. The cluster on the left is composed of the exposed patients, and the cluster on the right of the non-exposed patients. The brightness of the colors correlates with the difference of expression between the two groups (green, downregulated; red, upregulated).
2p21-p16.3 could be simultaneously amplified in the exposed patients' and deleted in the non-exposed patients' tumor samples, whereas 3p21.31, 5q35.2-q35.3 and 22q12-3.q13.1 seem to be deleted among the tumors of the exposed group of patients. The largest significant region was detected on chromosome 19p13.3-p13.1, showing a loss and downregulation of genes in exposed patients and gain in the non-exposed patients.
Allelic imbalance on 19p13.3-p13.1 Microsatellite (LOH, loss of heterozygosity) analysis was carried out to verify the exposure-associated changes on the p-arm of chromosome 19 and to reveal the extent of the aberration in 62 lung carcinomas from male patients that fell into three categories of exposure: heavy exposure, moderate occupational exposure and no exposure to asbestos. Ninteen microsatellite markers spanning 22.3 Mbp region on 19p13.3-p13.1 were used ( Figure 2 ) for majority of the samples. For the 10 paraffin samples, only five of the 19 markers producing fragments less than 200 bp were analysed. About 80% (20/25) of the exposed and 45% (13/29) of the nonexposed patients (P ¼ 0.0045) were found to be carriers of AI on the 19p region in their tumor tissue. AI was also detected in 75% (6/8) of the moderately exposed patients ( Figure 2 ). AI detected was in good accordance with the results indicated by the CGH array (Nymark et al., 2006) . Differences in AI frequencies were observed between histological tumor types. In the exposed groups, AI was prevalent regardless of histological type ( Table 2) . The results are presented for the combined group of heavily and moderately exposed patients because no obvious differences were detected in the AI frequencies between these two exposure groups. On the other hand, the non-exposed group, AI was detected commonly in adenocarcinomas. More thorough comparing between different lung cancer subtypes is, however, not possible because of limited group sizes.
The AI degree for individual markers ranged between 50 and 90% in exposed, 40 and 100% in moderately exposed and 20 and 50% in non-exposed patients' tumor samples (only informative markers are taken into account). When focusing into the differences in the frequency of AI as determined by individual markers, the frequency of chromosomal alterations was significantly higher with 11 out of 19 markers in the tumor samples from asbestos-exposed patients compared with the non-exposed patients (Figure 2 ). In most cases, AI seemed to extend throughout the investigated 22 Mbp region, indicating a complete loss of the short arm of chromosome 19.
Additionally, 10% (3/29) of the non-exposed patients were found to have microsatellite instability (MSI) ranging throughout the region studied. When assessing MSI further with the colon MSI marker BAT-26, two of the three cases (54 and 60) showing high instability in the individual markers also showed instability in this marker. As MSI cases were detected among moderately exposed and non-exposed patients, MSI does not seem to be a major player in asbestos-related cancer and further analyses were not conducted.
Discussion
To bring insight to the deregulated genes associated with asbestos-related lung cancer, we performed a combined expression and CGH microarray screening analysis on two groups of primary lung tumors, namely asbestosassociated and non-associated carcinomas, similar for other patient and tumor characteristics. We have demonstrated previously, by using classical and array CGH, that DNA copy number changes in certain chromosomal regions appeared to be more common in lung carcinomas of asbestos-exposed than in the carcinomas of non-exposed patients (Nymark et al., 2006) . In the present study, a gene expression profile for asbestos-associated lung cancer was created, and the chromosomal regions with both gene copy number and expression changes were revealed. One of the most discriminative regions, 19p, was further verified by microsatellite analysis on tumor and normal tissue samples from 62 patients with heavy or moderate exposure, or no exposure to asbestos.
We found a set of 47 genes that correctly classified the tumors according to the asbestos-exposure status of the patients by using a two-step data analysis procedure for the gene expression. Hierarchical clustering analysis on these 47 genes showed a clear division between the two exposure groups independently of the histological lung cancer type. Although several of these genes are currently fairly unknown, a few of them have been reported altered in different tumor types. These include WFDC2, TDE1 and SLC6A15, which we detected to be Gene expression and copy number profiling H Wikman et al upregulated, and RUNX1, ATM and UVRAG, which were downregulated in our tumors from asbestosexposed patients. The TDE1 gene has been shown to be up-regulated in lung cancer cell lines (Bossolasco et al., 1999) , whereas the HE4 (WFDC2) protein has been reported as a biomarker for ovarian carcinoma (Hellstrom et al., 2003) , and the SLC6A15 gene to be upregulated in colorectal cancer (Gupta et al., 2005) . ATM is known to be silenced in lung cancer by promoter hypermethylation (Safar et al., 2005) , and UVRAG was recently reported to be mutated in colon cancer (Ionov et al., 2004) . Translocations, mutations and methylation of RUNX1 have been described in .1 in lung carcinomas of 25 heavily asbestos-exposed, seven moderately asbestos-exposed and of 29 non-exposed patients. The microsatellite markers used are given without the prefix 19S. In addition to the markers on 19p, results are also presented for the BAT-26 marker. The result for each marker is shown as follows: AI, red; MSI, yellow; non-informative, dark gray; unavailable measurement, light gray; and informative without changes, white. For 11 of the heavily exposed samples, results are only available from five markers. P-values are given for individual markers describing the difference between all asbestos exposed and non-exposed. The permutation test (with 10 000 permutations) was used to detect differences in AI frequencies between the asbestos exposed and nonexposed patients. The numbers of histological tumor types other than adenocarcinomas were not sufficient for separate statistical analysis on the relation of AI in 19p and asbestos exposure.
Gene expression and copy number profiling H Wikman et al leukemia and lately in gastric cancer (Blyth et al., 2005; Sakakura et al., 2005) .
Adducin -a substrate of protein kinase C (PKC) -has been associated before with asbestos exposure (Shukla et al., 2003b) . The PKC signal transduction pathway is suggested to be one of the main signaling pathways to be activated after asbestos exposure (Shukla et al., 2003b) . Similar to these findings, adducin was found to be upregulated among the lung tumors of asbestos-exposed patients of the present study.
The difficulty to find stable and reliable molecular signatures from microarray data, even when the data sets are large, was recently presented by Michiels et al. (2005) . We are, thus, aware that by doing this type of analysis with thousands of genes but few patients, one has a big chance of finding false-positive results. Therefore, for validation and increasing the specificity of the identified differences, the expression profiles were correlated with CGH data. Potential good markers with biological relevance are aberrations that have influence on gene expression.
In this study we were indeed able to find six chromosomal regions that were changed at DNA and RNA levels simultaneously and were more common in either the asbestos-exposed or non-exposed group of tumors. Interestingly, four of these regions seemed to be deletions in the tumors of asbestos-exposed patients. It is unsurprising that not all expressional changes can be explained by DNA level aberrations as there has been shown to be only a 10-40% correlation between chromosomal and expressional changes (Hyman et al., 2002) . Changes in methylation or acetylation patterns can also result in areas with RNA-level changes.
Chromosome 3p, 5q, 19p and 22q aberrations, which we found to be significantly associated with asbestos exposure, have all been detected previously in lung carcinogenesis in general. However, recently an association between the loss of 3p and asbestos exposure was described (Marsit et al., 2004) . Furthermore, the q-arm of chromosome 22 has been reported to be commonly lost in malignant mesothelioma, a cancer type closely linked to asbestos exposure (De Rienzo and Testa, 2000) . Whereas, 2p amplifications have rarely been described in lung tumors, a region homologous to the human 2p21-p25 has previously been reported to be amplified in radon-induced rat lung tumors (Dano et al, 2000) . Although 16p13.3 has been reported to be amplified rarely, it contains TSC2 gene, which has been described to be affected by LOH in 29% of lung adenocarcinomas (Takamochi et al., 2004) . Also NTHL1 gene on 16p13.3, which is involved in 8oxoG repair, has been shown to have a lower expression in lung cancer compared than normal lung tissue (Radak et al., 2005) In the present study, one of the possibly asbestosrelated chromosomal regions according to gene expression and CGH array results, 19p13, was further verified by microsatellite analysis on a larger number of tumors. LOH of 19p is common in lung cancer (SanchezCespedes et al., 2001), but its relation with asbestos exposure has not been studied previously. We observed, as expected, that the chromosomal changes were not limited to the tumors of exposed patients, but they were significantly associated with asbestos exposure, similarly to as shown previously for 3p (Marsit et al., 2004) . AI in the 19p13 region was detected in lung carcinomas in 80% of the heavily exposed, in 75% of the moderately exposed and in 45% the non-exposed patients, indicating that asbestos exposure favor the rise of aberrations in this area. Our results indicate that AI is prevalent in the tumors of exposed patients regardless of histological type. In the non-exposed patients, AI seems to occur frequently in adenocarcinomas but uncommonly in other lung cancer types. The detection of AI in adenocarcinomas of both the exposed and non-exposed patients is in accordance with the study by SanchezCespedes et al. (2001) , where it was shown that 58% of lung adenocarcinomas of smoking patients had AI at 19p. The AI profiles of adenocarcinomas did not show obvious differences in comparison with AI profiles of other histological tumor types.
In our study, the markers with best separation between asbestos-exposed and non-exposed patients' tumors were spread throughout the 19p region. Welldifferentiating markers resided both in the tip and in the middle of the p-arm, suggesting either the presence of multiple asbestos exposure related hotspots within the area or an association of asbestos exposure with imbalance of the whole-chromosomal arm.
It is noteworthy that two genes STK11 and SMAR-CA4, reported to be inactivated in lung cancer previously, reside proximal to some of the most significantly distinguishing markers on the 19p13 region. Inactivation through mutations and LOH of the tumorsuppressor gene STK11 (LKB1) has been found in 30% of lung adenocarcinomas (Sanchez-Cespedes et al., 2002) , whereas the SMARCA4 (BRG1) gene has been implied to have a role in lung tumorigenesis (Medina et al., 2005) . The SMARCA4 protein has been reported to be lost in about 10% of the lung primary tumors (Reisman et al., 2003) .
Microsatellite analysis does not, however, differentiate between allelic gain and loss, and thus the changes in markers may only be reported as AI. Our array CGH results do, however, suggest that there are both losses and gains on the 19p13 region in the tumor samples, gains especially among the non-exposed patients' samples. Therefore, the association of this region with asbestos exposure may be underestimated by our current results. Additional studies should be carried out by means of, for example, quantitative PCR to gain better insight into the nature of the changes occurring in this and other regions. Such studies are expected to strengthen the relatedness of the 19p aberration, especially the loss, to asbestos exposure.
In conclusion, by combining different high-throughput methods we show for the first time that lung carcinomas of asbestos-exposed patients have a distinct gene expression profile with certain chromosomal regions such as 19p significantly associated with the exposure.
Materials and methods

Patient material
All patients were of Finnish Caucasian origin with histologically confirmed primary lung cancer and no previous malignancies. The samples for gene expression analysis consisted of lung tumor and corresponding normal lung samples from 14 heavily asbestos-exposed and from 14 nonexposed patients (Table 3 ). The subsequent microsatellite analyses for AI in 19p were done on the original set of 28 cases and on 34 additional lung cancer cases chosen on the basis of the level of asbestos exposure: 11 heavily asbestos-exposed, eight moderately occupationally asbestos-exposed and 15 nonexposed lung cancer cases (Table 4) In all cases, the level of asbestos exposure was estimated both by work history and by measurement of the pulmonary asbestos fiber concentration (Karjalainen et al., 1993) . Only patients, who had both a definite or probable occupational exposure history to asbestos according to an interview, and more than 5 million fibers per gram of dry lung tissue were included in the heavy exposure group. Patients with a concentration between 1 and 5 million fibers per gram were classified as moderately exposed. A minimum of 1 million fibers per gram of dry lung tissue is usually considered as a sign of occupational exposure to asbestos (Karjalainen et al., 1993) . In the non-exposed group, only patients in whom neither the exposure history nor the pulmonary fiber count indicated an exposure to asbestos were included.
Expression microarrays RNA was isolated with Ultraspec RNA isolation system from tumor and adjacent normal peripheral lung tissue for each patient as described in Wikman et al. (2002) . The quality of RNA was assessed with 2100 Bioanalyzer (RNA Nano Labchip, Agilent Technologies, Palo Alto, CA, USA) and quantified by spectrophotometer.
Gene expression profiling was conducted using Affymetrix HG-U133A GeneChips (Affymetrix, Santa Clara, CA, USA) with 6 mg of total RNA. The RNA was converted into cDNA by one-cycle cDNA Synthesis Kit (Invitrogene, Carlsbad, CA, USA), purified and converted into labeled cRNA (Enzo, Farmingdale, NY, USA) according to Affymetrix recommendations. The fragmented cRNA was hybridized for 16 h. Washing, staining and scanning of the slides were performed according to the standard Affymetrix protocols. Hybridizations on Affymetrix chips (HG-U133A) were carried out with tumor and normal lung RNA samples from each of the 28 patients.
Data analysis of the gene expression data Affymetrix Analysis Suite version 5 (MAS5) was used to scale the arrays for the target value of 100 and to define the absent/ present calls. Only samples with a background of 40-70 and house keeping control signal ratios (5 0 -3 0 prime end transcript ratio) close to 1 were included in data analysis. As a result of these criteria, three normal lung samples were excluded from the study.
Chips of matched normal lung samples were used as a reference for the tumor chips. For the three cases with a missing normal lung result, the mean signal of the samples from the same exposure group was used instead as a reference. Genes that were present (Affymetrix P-value o0.04) in at least one-third of the exposed or non-exposed samples were included in the analyses. Next, the data were log 2 transformed and Lowess normalized.
A two-step analysis model was used to detect differentially expressed genes and to identify the smallest set of genes that could distinguish the exposed group from the non-exposed Table 3 for definitions for histological tumor types and asbestos fiber count.
Gene expression and copy number profiling H Wikman et al group. As the first step, AUROC (ROC) analysis model (Kettunen et al., 2004) was chosen owing to similar size of the two exposure groups. Genes with ROC values less than 0.4, or higher than 0.6, and with P-value less than 0.4 were included in the subsequent analyses. In the second step, a correlation coefficient for the gene expression and exposure status (asbestos exposed versus nonexposed) was calculated for each gene. As we were primarily interested in the differences between the tumors of asbestosexposed and non-exposed patients and, minimize the effect of variation in gene expression between individual normal lung tissue samples, the data were rescaled before conducting the correlation analysis. To emphasize the differences between the asbestos-associated and non-associated tumors, the signals of the asbestos-associated tumors were scaled by the median signal of the non-associated tumors and the signals of the nonassociated tumors by the median signal of the asbestosassociated tumors.
The genes were rank-ordered according to the absolute value of the correlation coefficient. To optimize the number of genes needed for the correct classification of tumors, the genes were added sequentially according to their rank order, and the number of correctly classified patients was determined. A 'leave-one-out' cross-validation method was used to assess the reliability of the classification.
Analysis of combined gene expression and DNA copy number data Identification of the chromosomal areas with exposureassociated gene expression changes was performed by comparing the gene expression ratios of the exposed to the non-exposed locally. The chromosomes were divided into overlapping segments of 0.5-1 Mbp and each segment was tested for differential expression. The differentially expressed regions were identified by means of hypothesis testing. The number of patients correctly classified by the gene expression ratios of each gene was calculated and, as a test statistic, an average classification capability of the segment was used. The regions found in this analysis were compared with the regions found to have exposure-associated copy number changes. The regions that were detected both in the expression and copy number data sets were considered prominently interesting.
Microsatellite analysis for detection of AI Microsatellite analysis was used as a validation method for confirming the presence of AI. The samples used in microsatellite analyses included both microdissected and not microdissected DNA specimens. The original 28 tumor samples from heavily asbestos-exposed and non-exposed patients were macrodissected, whereas microdissection was used to obtain DNA from the additional 34 patient samples. Samples for microsatellite analysis were from freshly frozen tissue in 52 cases and from paraffin-embedded tissue in 10 cases.
Microdissection was performed using an Arcturus Veritas instrument on 9-mm tissue sections stained with 1% toluidine blue and 0.2% methylene blue solution. Laser capture microdissection technology was utilized to harvest cancer cells from heterogeneous tumor tissues. DNA was isolated using a PicoPure DNA Extraction Kit (Arcturus Bioscience, Inc., Mountain View, CA, USA) according to the manufacturer's instructions.
Allelic balance of the chromosomal region 19p13.3-13.1 (chr19:550811-22287245 bp; 22.29 Mbp) was assessed using 5-19 microsatellite markers with approximate coverage of 22 Mbp. FAM or HEX end-labeled primer pairs were used to amplify the di-or trinucleotide-repeat fragments of 80-300 bp in length. The primer sequences for the markers were obtained from the databases of the National Center for Biotechnology. The target sequences were amplified by PCR, and the PCR products were then electrophorized with a 310-or 3100-Avant Genetic Analyzer (Applied Biosystems, Inc., Foster City, CA, USA).
GeneMapper Analysis Software version 3.5 (Applied Biosystems) was used to study the lengths of the allele fragments. The alleles were defined as the two highest peaks within the expected size range. The determination of AI was performed for heterozygous markers by calculating the ratio of the peak heights of the tumor and normal alleles. Ratios of 1.5 or higher were scored as AI. The criterion based on which AI carriers were determined was that at least 25% of the informative microsatellite markers had to be AI-positive. The mononucleotide repeat BAT-26 was used to test its correlation with the MSI phenotypes in lung cancer. This marker has previously been used to reveal a high-frequency MSI phenotype of sporadic colorectal and gastric cancers with 99.4-100% accuracy (Hoang et al., 1997) .
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